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INTRODUCTION

". . .[pneumonia] is the special enemy of old age." Sir William Osler (103)
Streptococcus pneumoniae is the leading cause of bacterial pneumonia (71, 74, 75, 102, 115, 125) and bacterial meningitis (132, 135) in the United States, resulting in 175,000 hospitalizations and 7,000 to 12,500 deaths annually (41) .
S. pneumoniae primarily causes respiratory infections, including otitis media, sinusitis, and pneumonia. Groups at increased risk of pneumococcal infection include the very young, the elderly, the immunocompromised, smokers, and certain other demographic groups (28, 41, 60, 98, 117) . As individuals advance in age, pneumococci cause increasing attack rates of pneumonia, bacteremia, and mortality (9, 11, 15, 24, 41, 42, 60, 82, 96, 110, 117, 126) . Older age has long been recognized as a risk factor for infection, leading Sir William Osler to comment on pneumonia in old age 100 years ago as "a friend of the elderly," "a special enemy of old age," and ". . .the natural end of elderly people" (103) . Even in long-term-care facilities, the pneumococcus remains the most frequently implicated bacterium causing pneumonia (74) . Because the elderly population, usually defined as age Ͼ65 years, is expected to triple by 2050, the disease burden in this group becomes a critical public health issue.
Epidemiologic studies evaluating rates of pneumococcal disease often refer to rates of invasive pneumococcal disease (IPD), defined by culturing S. pneumoniae from a sterile bodily site. IPD is usually a sequel to pneumococcal pneumonia, although only 15 to 30% of pneumonia cases are associated with IPD (24) . The case fatality rate of IPD rises from around 20% for those aged 65 years or older to as much as 40% for those aged 85 years or older (11, 15, 24, 56, 77, 82, 110, 145) .
Pneumococcal Vaccine
In light of an increased risk of pneumococcal disease with advancing age, the costs associated with infection, and the rising rates of drug resistance, vaccination has emerged as a public health priority (146) . Data from 1998 indicating 24% of pneumococcal strains were resistant to penicillin underscore the problem of antibiotic resistance (149) . In older adults, even higher rates of drug resistance may be found (23) .
Pneumococcal vaccination using whole-cell inactivated pneumococcal preparations dates back to trials in the early 1900s in South African miners (150) . Several excellent reviews have been published on this topic (6, 7, 25, 40) . The currently used 23-valent vaccine, containing 25 g each of 23 purified capsular polysaccharide (CP) antigens, was licensed in 1983. Although there are at least 90 serotypes of S. pneumoniae (54) , the 23 serotypes in the present vaccine cause 85 to 90% of invasive infections in the United States, as well as comprising the most common drug resistant types (23, 77, 82, 84, 110, 117, 141, 149) .
Vaccine Effectiveness
Despite convincing reports in certain cohorts, controversy still exists over the effectiveness of the pneumococcal polysaccharide vaccine (PPV) in older subjects. Observational studies consistently indicate 50 to 70% aggregate effectiveness in pre-venting IPD in elderly persons among serotypes found in the PPV (13, 22, 25, 36, 93, 94, 133) .
Distinct from IPD, protection against nonbacteremic pneumonia is more difficult to demonstrate, particularly in older persons (43, 63, 79, 101, 137) . Conflicting prospective data have been attributed to methodological problems, such as the poor sensitivity of tests to diagnose pneumococcal pneumonia and inadequate power to distinguish differences in outcome (39) . Based upon its reduction of IPD, PPV is cost-effective, or even cost saving (4, 94, 139) . The Advisory Committee on Immunization Practices published updated recommendations regarding PPV in 1997 that continue to include vaccinating all adults aged 65 or older (28) . Adherence to these universal recommendations has been low; it is estimated that 50% of adults Ն65 years have never received the vaccine (1, 27, 58, 108, 138) . The vaccination rates in long-term-care facilities may be even lower (72) .
Vaccine Safety
PPV safety, including that with simultaneous influenza vaccination, has been well documented among older persons (57, 95, 101, 129, 144) . The primary side effects are local reactions at the injection site. The presence of prevaccination antibodies has been associated with increased local reactions (58, 68, 129) . Revaccination is also safe, although associated with a higher frequency of symptoms at the administration site (58) .
VACCINE IMMUNOGENICITY
Antibody Measurement
Antibody responses to PPV have been studied as surrogate markers of vaccine protection. Serotype-specific pneumococcal (CP) antibody mediates protection (21, 50, 66, 69, 83, 90, 137) . However, characterization of this specificity of anti-CP antibodies has been problematic. Early studies used less specific techniques that may limit their applicability. Antibodies to cell wall polysaccharide (CWP) are not protective against infection, as opposed to antibodies against CPs (17, 85, 90, 97, 143, 148) . The early antibody assay methods are now considered less specific because they did not differentiate anti-CWP antibodies from protective anti-CP antibodies (91) . Assays that incorporate a step for absorption of antibodies to CWP have allowed a more accurate measure of the relevant antibodies to CPs (65, 91, 136) .
Several other technical limitations have been reported. Many early studies used a radioimmunoassay antibody method that did not discriminate among immunoglobulin classes. Also, antibody cross-reactions to CP may occur among Streptococcus species (70) . Postvaccination antibodies are less cross-reactive than prevaccine antibodies (140) . Recently, non-type-specific antibody has been identified even after anti-CWP antibody absorption, which may be due to antibody to contaminants in the PPV preparation (29, 30, 151) . Absorbing antibodies to CWP and other contaminants, using a reliable enzyme-linked immunosorbent assay (ELISA), and the development of a standard reference serum (112) , have contributed to more reliable anti-CP antibody measurements. In this review, therefore, we place more weight on data using the more specific current methods.
Studies of immunogenicity have primarily focused on quantitative measures of anti-CP antibody levels. Measures of function are as important, if not more important, in predicting protection against pneumococcal infection than is simple antibody quantification. Several assays have been developed to measure antibody functions including avidity, opsonophagocytosis (OPA), and models of passive protection. The lack of standardization of functional assays hinders comparisons of data.
Defining Antibody Response to PPV
Defining protective anti-CP antibody responses to vaccination remains elusive. Most importantly, no specific antibody level is known to correlate with reduced pneumococcal disease. This circumstance contrasts with that of vaccination for Haemophilus influenza type b, a monovalent polysaccharide vaccine, where threshold levels of protective polysaccharide antibody have been described (62) . In addition, factors other than antibody concentration contribute to disease susceptibility. Antibodies to the CPs for each serotype may differ in its capacity to bind and promote opsonization. Heterogeneity among populations studied offers yet another confounding variable. Even in geriatric populations, studies have focused on groups as disparate as relatively younger male veterans with a mean age of 65 years or female nursing home residents with a mean age of 89 years (87, 121) . Finally, antibody responses have been reported in a variety of ways (antibody fold increase [FI] , antibody concentration [geometric mean concentration {GMC}], threshold antibody level or antibody function), and these differences have added to the complexity of comparing and interpreting studies. Even in young, healthy subjects, a protective antibody response to vaccination remains undefined (44) .
Antibody Levels in Unvaccinated Subjects
To compare antibody responses to vaccination, knowledge of anti-CP antibody concentrations before vaccination is useful. Most studies indicate that older adults have similar prevaccine levels to those of younger cohorts (5, 26, 33, 67, 87, 120-122, 124, 127, 130) . Certain nonvaccine factors may influence the concentration of antibodies to CPs. Smoking is associated with increased prevaccination levels, at least in men (130) . Smoking may predispose to increased pneumococcal exposure through respiratory infection or colonization. Several studies have reported that prevaccine levels in women are lower than in men (5, 120, 130) . A more recent study, however, provided evidence against lower prevaccine levels in women. In a trial in which 39 of the 46 subjects were female nursing home residents, prevaccine levels were similar to those in younger adults (121) . Although gender-specific evaluation was not reported, the study might suggest that the higher prevaccine antibody levels previously observed are a marker for cigarette use, rather than a gender difference.
Initial Antibody Responses in Older Adults
Over two dozen studies have been published detailing PPV immunogenicity in older adults (5, 26, 33, 37, 38, 50, 51, 55, 57, 61, 64, 67, 73, 80, 85, 87, 91, 111, 120-124, 127, 128, 131, 133) . Despite considerable heterogeneity among groups with regard to age, gender, comorbidities, country of origin, serotypes assessed, and definition of anti-CP antibody responses, most studies reach a similar conclusion: older adults mount an antibody response to PPV. As early as 1947, data indicated that pneumococcal polysaccharides were immunogenic in older adults (61) . Kaufman administered a PPV with two or three serotypes to subjects who were mostly older than 50 years. Using mouse models of passive protection, he demonstrated that post vaccination serum was more protective than prevaccination serum. Subsequent studies of anti-CP antibodies without absorption of anti-CWP antibodies showed uniformly strong responses among serotypes studied (38, 55, 67, 80, 85, 131) . With the advent of more specific ELISA techniques and absorption of antibody to CWPs, it was found that subjects rarely mount an antibody response to all serotypes in the vaccine. For example, Rubins and colleagues demonstrated that a group of older men mounted a median 2 FI in anti-CP antibodies to only 14 of the 23 vaccine serotypes (123) . Table 1 summarizes recent immunogenicity studies in older adults that use ELISA techniques for antibody determination. Caution must be exercised in comparisons, as there has been a lack of standardization among assays employed. When compared to those of younger individuals, most of the evidence (86, 124) . Some have suggested hyporesponsiveness in older individuals by subgroup analysis (33, 51) . For example, Hedlund et al. studied the anti-CP antibody responses after PPV in older patients recently hospitalized for community-acquired pneumonia and compared these to those of age-matched outpatients in the infectious disease clinic (51) . In a subgroup analysis of all subjects older than 68 years, compared to those younger than 68 years, the combined GMC of all antibody to CP was significantly less than that of the younger group. Rubins et al. concluded that older adults responded as well as did a younger cohort but that 20% of older patients were nonresponders as defined by a Ͻ2 FI to two of seven serotypespecific anti-CP antibodies (124) . In a study comparing mostly female nursing home residents to young controls by RomeroSteiner et al. (121) , the GMC for two of five serotype-specific CPs antibodies (6B and 19F) were less in the older group. The diminished immunogenicity seen in the older group in this study may be attributable to their very advanced age, comorbidity, and/or female gender. Thus, PPV is characterized by significant immunogenicity, at least initially, in most older persons compared to that in younger controls.
Duration of PPV Protection
In a retrospective case-control study of bacteremic pneumococcal infection by Shapiro and colleagues, protection declined with increasing interval from vaccination, and the decline was most rapid in the oldest cohort (133) . After 5 years, protection against invasive disease caused by vaccine serotypes in those Ͻ55 years old was still 85% (confidence interval [CI], 62 to 94%). For subjects 65 to 74 years old, effectiveness was 58% (CI, Ϫ2 to 83%), while in those Ն85 years old, effectiveness was Ϫ13% (CI, Ϫ174 to 54%), indicating no protection in the oldest cohort. In contrast, Butler and colleagues, using an indirect cohort method, did not confirm decreased protection with increasing interval from PPV (22) . More evidence is needed to firmly establish to what degree protection declines as the interval from vaccination increases and how this decrease in protection relates to antibody levels.
If antibodies to CPs serve as markers for protection, then the longevity of the response may define the duration of protection. Protection against infection is likely to diminish when vaccine-induced antibodies decline below a certain level. Without definitive clinical studies, CPs antibodies may be a useful surrogate marker. Table 2 summarizes studies assessing the duration of anti-CP antibody responses in older adults (50, 64, 91, 124, 128) . Two early studies without absorption of anti-CWP antibodies revealed comparable antibody declines in older adults 5 to 7 years after vaccination (33, 80) . Two larger, more recent European studies demonstrated that 3 years after PPV, some type-specific antibodies had declined to prevaccine levels, presumably resulting in diminished clinical protection (50, 128) . The study by Sankilampi and colleagues evaluated anti-CP antibodies in 62 outpatients 3 years after PPV (128) . At 3 years, antibodies to two of the six serotype-specific antiCPs were at prevaccine levels. Antibody to serotype 14 attained the highest peak levels after vaccination. Assuming a constant rate of decline, the authors extrapolated that antibody to serotype 14 would reach prevaccine levels in 7.7 years. From these data on ambulatory older persons, it is reasonable to assume that the duration of antibodies to CPs after PPV ranges from less than 3 years to as much as 8 years.
Although PPV antibody responses have been variably de- fined, it appears that antibody duration in older persons may be shorter than previously assumed. Unfortunately none of these studies compares anti-CP antibody duration to that of younger controls. No recent data exist on antibody duration beyond 5 to 6 years in older or younger persons. Inasmuch as antibody concentration correlates with protection, a significant decrement in clinical protection might be expected as early as 3 years. However, additional clinical data are needed to correlate with the immunogenicity data to define the window of protection after PPV in older adults.
Revaccination
With declining antibodies to CPs after vaccination with PPV, the question of the role of revaccination arises. As a vaccine composed of polysaccharide antigens, the PPV induces a Tcell-independent response, and thus, an anamnestic response (i.e., "booster") is unlikely (53, 78, 142) . There are no data on the clinical effectiveness of revaccination and only limited immunogenicity data in older adults. This absence is surprising in light of the recommendations to revaccinate all adults Ն65 years if 5 or more years have passed since the first vaccination and they were Ͻ65 years at the time of the first vaccination (28) .
Early data from young adults suggested revaccination several years after the initial PPV induced an antibody response to the antigens not previously given, but not to the antigens that were components of the first vaccine (14, 52, 81) . Studies in other cohorts have demonstrated that if subjects had not responded to the initial PPV, they were unlikely to respond to revaccination (109, 118) . Table 3 highlights studies on PPV revaccination in older persons. The initial studies in older persons with very few subjects suggested that revaccination of older adults resulted in an antibody response similar to, or slightly less than, those to the initial PPV (33, 80) . Two recent studies that absorbed sera with anti-CWP antibodies demonstrated similar results (57, 87) . Musher and colleagues revaccinated eight male veterans (mean age, 71 years). He found the second vaccination induced 70% of serotype-specific antibody responses at 1 month, compared to 78% 1 month after the initial vaccination (87) . In a large study evaluating the safety of revaccination, Jackson and colleagues also report immunogenicity data after revaccination of subjects 50 to 74 years old (57) . Although immunogenicity was not the primary outcome, this is currently the largest published report providing immunogenicity data after revaccination. The GMC of antibody to three of the CP serotypes in the revaccinated group was less than that of the group receiving an initial vaccination. Although CPs specific antibodies rose after revaccination, it was difficult to track individual responses from the data presented.
The limited data indicate older adults mount anti-CP antibody responses to revaccination, although the responses may be less than those to the initial injection of vaccine. If true, factors that may account for the hyporesponsiveness to revaccination include age, comorbidities, or that to the initial vaccination. The subjects may simply be older and/or have more comorbidities, which would lessen their immune responsiveness. It seems less likely that aging by itself would account for this finding in light of the robust immune responses to primary vaccination in healthy older adults. However, comorbidities may be a significant factor, particularly if the subjects receiving their first vaccine were less well than the general population. The fact that a patient has already been vaccinated may indicate the presence of preexisting comorbid conditions that prompted the first vaccination. The comorbidities may have progressed since the time of the initial vaccine. Another possibility is that the first vaccination itself reduces immune responsiveness to subsequent ones. Prior antigen exposure may induce immunologic tolerance under some circumstances. The early data from young adults support this hypothesis since young healthy subjects were hyporesponsive to their second exposure to polysaccharide antigens (as discussed above). Meningococcal polysaccharide revaccination also results in hyporesponsiveness (46) . Conjugate vaccine data (discussed below) further support this hypothesis.
A short interval (i.e., Ͻ1 year) between vaccinations is a e For the entire group; mean or median since revaccination not provided for subset of older subjects studied for immunogenicity. f Unclear if immunogenicity data for subjects before revaccination are mutually exclusive from those for subjects after revaccination. The cohort prior to revaccination has 82 subjects, whereas the cohort after revaccination has 65 subjects.
common occurrence in both the young subjects' revaccination experience and the conjugate vaccine studies. Preexisting antibodies to CPs could be implicated. Such antibodies could bind antigens present in the subsequent vaccines and prevent their presentation to B cells. The correlation between local reactions to PPV and prevaccine anti-CP antibodies also suggests that preexisting antibodies may bind vaccine antigens (57, 68, 113, 129) . Paradoxically, prevaccine antibodies in vaccinenaïve subjects predict a good antibody response (123) . However, important differences may exist between the naturally occurring anti-CP antibodies present before the first administration of PPV as opposed to antibodies that develop in response to an initial vaccination (prerevaccine antibodies). One possibility is the anti-CP antibodies after vaccination may be more serotype-specific than those naturally acquired. Data indicating less serotype cross-reactivity among postvaccine anti-CP antibodies compared to prevaccine anti-CP antibodies support this concept (140) . Also, anti-CP antibodies found in vaccine-naïve subjects most likely developed due to natural exposure to pneumococci or to cross-reacting bacteria. This natural immune response probably involves more complex antigens, presented in a more efficient way, and thus results in increased immunogenicity upon repeat exposure to the polysaccharides in the PPV.
There is a pressing need for clinical data on effectiveness and duration of antibody responses to revaccination and multiple revaccinations. Given the T-cell-independent nature of the response to polysaccharide antigens, it is important to ascertain whether or not repeated exposures to the antigens prolong protection or whether or not the response is extinguished at some point.
Function of Antibodies to CPs after PPV
Studies have demonstrated that avidity and/or OPA correlate better with in vivo passive protection (59, 84, 121, 147) than do antibody levels, underscoring the importance of these functional measures. No clinical studies have correlated tests of antibody function with vaccine effectiveness. One recent case-control study demonstrated that patients admitted either with bacteremic or nonbacteremic pneumococcal pneumonia had similar concentrations of antibodies to CPs as did controls but the OPA was diminished in patients with pneumonia, again emphasizing the importance of antibody function in protection (92) . Table 4 summarizes five studies assessing anti-CP antibody function in older adults after PPV. Again, the heterogeneity of the populations and nonstandardized assays may limit comparisons. Three studies suggested antibody avidity after PPV in immunocompetent older adults was similar to that of younger subjects (26, 64, 124) . The first study to provide data suggesting older adults have antibody with lesser function after vaccination than do younger subjects was published by Musher et al. (85) . They compared five older men with chronic obstructive pulmonary disease (COPD) to young controls and found lower vaccine-induced OPA in the older cohort. In contrast, Rubins and colleagues reported increased OPA, but not avidity, in both the older and younger subjects after vaccination (124) . In a study of 46 nursing home residents, mostly women with a mean age of 85.5 years, Romero-Steiner and colleagues demonstrated lower OPA both before and after vaccination when compared to that in a younger cohort (121) . The diminished OPA correlated with decreased passive protection. These data strongly suggest a decline in antibody function may occur in this select subset of frail elderly subjects in long-term care facilities. Whether a similar decline in functional antibodies occurs with advancing age in the general population has yet to be determined. Future studies evaluating the antibody responses to PPV should include functional characterization of the antibodies elicited.
NONPOLYSACCHARIDE VACCINES
Drawbacks of PPV
Although inexpensive, effective, and safe, the polysaccharide vaccine has drawbacks. Certain cohorts respond poorly to the PPV (3, 37, 88, 116, 118, 119) , and these are often the same (28) . Another problem is that it is uncommon for adults of any age to respond to all the vaccine serotypes (44, 123) . Because the polysaccharide antigens are repeating subunits, T-cell help is not required for their recognition and cellular immunity does not develop (53, 78, 142) . To counter these problems, alternative vaccines have been explored.
PCV
The most studied of the alternative vaccines are pneumococcal conjugate vaccines (PCV), in which pneumococcal polysaccharide antigens are covalently linked with immunogenic carrier proteins that bring T cells into the response. The concept of conjugation of polysaccharide to a protein arose from early work by Goebel and Avery, who demonstrated in the rabbit that immunogenicity resulted from linking saccharide haptens to protein carriers thereby inducing a T-cell-dependent response (8, 45) . Theoretically, inducing immunologic memory would allow an anamnestic response to revaccination, providing longer, more durable protection against infection. Conjugate vaccines have been shown to improve pneumococcal vaccine responses in children, who typically have poor responses to PPV attributable to delayed maturation of subsets of B cells (10, 114) .
The PCV has shown a marked reduction of IPD and, to a lesser extent, otitis media of children, leading to vaccine licensure in 2000 (12, 35, 104) . While some data indicate that nonresponders to the polysaccharide vaccine respond better to a conjugate vaccine (89, 152) , other data have not supported an improved response (1, 88) . Reduction of nasopharyngeal carriage is another putative advantage of a conjugate vaccine. The reduced carriage seen in children with a Haemophilus influenzae type b (Hib) conjugate vaccine (49) has also been demonstrated with the PCV in children (31, 32, 76) . Conjugation may also improve antibody quality. Trials with Hib conjugate vaccines have shown protection when the antibody levels were below the protective threshold for Hib polysaccharide vaccination, suggesting conjugation improves antibody effectiveness (34, 48) .
While theoretically appealing, the limited data from older adults using PCV have not been promising (Table 5) (73, 111, 134) . Three studies have failed to demonstrate improved immunogenicity from the conjugate vaccine in older adults, either after one PCV dose or if a PCV is followed by a PPV. Powers et al. and Shelly et al. both compared a PCV followed by a PPV at month 6 or month 2, respectively, to PPV alone (111, 134) . In both studies, the anti-CP antibody responses after the first PCV were similar to those of the control group receiving only a PPV. The subsequent administration of PPV provided no additional antibody response, with the exception to that of serotype 19 in the Powers study. However, no overall improved immunogenicity was evident because the initial response to the serotype 19 antigen in the PCV was poor. Lottenbach and colleagues compared one injection of PCV to one of PPV in older subjects (73) . Although not compared statistically, there appeared to be no improved immunogenicity from one dose of the PCV compared to one dose of the PPV. An important limitation in all three studies is that only one injection of PCV was administered. PCV repeat vaccinations might provide a booster response, and in theory, vaccine strategies might include a series of PCV inoculations, as is done with other vaccines like tetanus. In infants, a significant booster response is seen after the fourth PCV (35) . Whether the lower polysaccharide antigen doses used in conjugate vaccines contribute to hyporesponsiveness in adults remains unknown.
Even if the PCV eventually proves more immunogenic and/or more protective in adults, important drawbacks will still exist. The PCV may be more costly, a series of injections may be required, and only a limited number of capsular antigens are available in the current formulations. Because a broader range of serotypes is implicated in IPD in adults than in children, susceptibility to nonvaccine serotypes would not be eliminated by conjugate vaccines (47, 117) . Administration of the PPV in addition to a PCV series might resolve the issue but would require the additional time and expense of another injection. It is also not yet clear whether the use of particular serotypes in two forms (polysaccharide and conjugate) might result in antigenic competition that might interfere with generating an antibody response.
Nonconjugate PPV
Also under development are the pneumococcal protein vaccines which are composed of noncapsular virulence factors. Possible advantages are the potential to protect against all serotypes and to stimulate immunologic memory. Some pneumococcal proteins that are candidates include pneumococcal (18) . Combining pneumococcal proteins in a vaccine has been proposed as a way to provide even broader protection (16, 100) .
CONCLUSION
Extensive studies of the polyvalent PPV demonstrate good immunogenicity in older adults, generally comparable to that in younger subjects, although certain cohorts respond less well. The levels of the anti-CP antibody responses appear to wane as early as three years after vaccination. In older persons, revaccination also induces an antibody response, although it may not be as pronounced as that to the initial vaccination. More information on the immunogenicity and durability of response to revaccination is critically needed. Because antibody function may serve as a better marker of clinical protection, future studies should include correlates of antibody function such as OPA or passive protection. The PPV provides incomplete protection against infection, which may be worse in groups most prone to pneumococcal disease. More research into immunogenic conjugate and protein-based vaccines is needed. However, for now, because of its low cost and proven effectiveness, the use of the PPV should be a public health priority, especially in older adults.
